In the previous paper' the synthesis of aspartic and glutamic acids was shown to be a chief consequence of the operation of the Krebs cycle in Escherichia coli. The present paper will describe the biosynthesis of a number of other amino acids for which either aspartic or glutamic acid serves as the parent substance.
The isotopic competition method2-4 among carbon compounds has been used extensively in these studies. Where only one carbon source, such as glucose or acetate supplies all the carbon needs of the cell, all the cellular carbon becomes radioactive. If, in addition, an unlabeled source of carbon is made available to the cell, it is often found to be selectively utilized for specific biosyntheses. In this way the labeled and unlabeled compounds may be said to compete for a place in the biologically synthesized chemicals of the cell. It is desirable in most studies to label the compound of a competing group which is the least widely used by the cell, for then even very minor ways of utilization are readily observed. However, it is not always possible to obtain metabolites in the labeled form: in these cases a labeled metabolite such as Cl4-glucose* opens the way to study of the non-radioactive metabolites by observing their competitive effects.
The use of various C14-labeled compounds in this way has revealed pathways of synthesis for proline and arginine of the glutamic family, and for diaminopimelic acid, lysine, threonine, isoleucine, and methionine of the aspartic family. These The distinction between these families is also supported by the location of the isotope within the molecules of each family. Where C1402 is used the label is found almost entirely in the C-1 of glutamic acid, proline and the ornithine moiety of arginine. In the aspartic family it is found in C-1 and C-4 of both aspartic acid and threonine; 70 to 80 per cent of the isotope is in C-4 and 20 to 30 per cent in C-1. In the case of lysine and methionine, 20 to 30 per cent of the radioactivity of each, qtec.uke is released by ninhydrin treatment which frees C-1.
Relationships among the amino acids within each family during their synthesis also have been explored by means of isotopic competition. A summary of experiments in which C14-labeled compounds were supplied to E. coli growing with non-radioactive glucose as an alternative carbon source is shown in table 2. Some of the data have been taken from table 1 for comparison. These data and others are discussed below in terms of pathways of synthesis.
Glutamic Family.-In the glutamic family two pathways lead from glutamic acid, one giving rise to proline and one independently giving rise to arginine. Either C14-glutamic acid or 1-C'4-glutamic acid yields proline and arginine. C14-proline yields proline. Not more than a few per cent of the C14-proline supplied is converted to glutamic acid or arginine. An analogous result is found for C'4-arginine. Proline and arginine are utilized, therefore, for specific purposes and in a very effective manner in spite of the presence of glucose. The pathways are confirmed by many experiments in which other metabolites are labeled. Where C14-glucose is used, adding non-radioactive proline suppresses completely incorporation of C14 into bacterial proline. No effect is noted upon glutamic acid or arginine. The same results are obtained using C1402, C14-acetate, C14_ glutamate, or C14-aspartate as tracers. An exactly similar series of results is found in the analogous case of arginine.
Proline synthesis. As glutamic y-semialdehyde was indicated to be an intermediate in proline synthesis5 it was tested by isotopic competition.6
Non-radioactive glutamic y-semialdehydet was supplied to cells growing on C14-glucose. No radioactivity was found in the bacterial proline; all other amino acids of the proteins were radioactive Therefore, glutamic-y-semialdehyde can serve as a source for all the carbon atoms of proline in these cells and the pathway may be written: glutamic acid glutamic--y-semialdehyde --proline.
These experiments are an excellent demonstration of the usefulness of the isotopic competition method for the study of the role of relatively unstable intermediates. With C14-glucose as the tracer material it was unnecessary to prepare the unstable C'4-glutamic 'y-semialdehyde in order to determine its role in biosynthesis. At the same time any unmuspected alternative routes of utilization of the intermediate would have been observed had they been significant. Arginine synthesis. The over-all pathway for the synthesis of arginine was established with C1402.4 This tracer labels both C-1 and the amidine carbon. C-1 is derived from glutamic acid via ornithine, while the amidine carbon is independently derived through citrulline. Recent work has added to knowledge of this pathway.6 7 With C'4-glucose as the tracer, N -acetylornithine, ornithine, citrulline, and arginine are all effective competitors. When Na-Cl2-acetyl-Cl4-glutamic acid is supplied to the cells arginine is found to contain approximately 90 per cent of the C14; degradation of this arginine with arginase demonstrated the amidine carbon to be free of radioactivity.6 Randomly labeled ornithine also contributes largely to arginine; again no radioactivity was found in the amidine carbon. Thus the pathway appears to be:
glutamic acid -N-acetylglutamic acid ) Na-acetylornithineornithine 2) citrullinearginine.
The specific activities of the ornithine moiety of arginine and glutamic acid are the same when C1402, CH3C'400H, C14-aspartic acid, or C14-glutamic acid are used as tracers. Since C1402 labels C-1 of glutamic acid, acetate chiefly C-4 and C-5, and aspartic acid C-1-2 and -3, it is reasonable to conclude that in the derivation of the 5-carbon chain of arginine from glutamic acid, correspondence among the carbon atoms is preserved.
Aspartic Family - Table 1 shows aspartic acid to be the parent material of the aspartic family. All the amino acids of this family derive as much carbon per mole from C14-aspartic acid as bacterial aspartic acid itself does. None of the other amino acids, except glutamic acid, can cause this effect. In the case of C14-glutamic acid the members of the aspartic acid family are labeled to the same degree as aspartic acid. The degree to which they are labeled closely approaches that expected from the operation of the Krebs cycle where glutamic acid gives rise to aspartic acid (specific activity aspartic acid . glutamic acid = 0.78 observed; 0.8 expected). The data of table 2 also describe some features of the synthesis of the aspartic family. In addition to these results, homoserine suppresses the radioactivity of threonine, isoleucine, and methionine but not of lysine, aspartic, or diaminopimelic acids when C14-glucose, C14-glutamic acid, C'4-aspartic acid, or C1402 are used as tracers. The family relationships may then be described as: methionine aspartic acidhomoserinethreonineisoleucine lysine diaminopimelic acid
Lysine and diaminopimelic acid (DAP). Lysine has the same specific activity as aspartic acid when cells are cultured in C1402, C'4-acetate, C'4-glutamic acid, or-C14-aspartic acid. In the C1402 case both aspartic acid and lysine contain 20 to 30 per cent of the radioactivity in the C-1 position. Lysine clearly is derived from aspartic acid. A similar situation holds for diaminopimelic acid. Neither DAP, a-aminoadipic acid nor the pipicolic acid derivative of lysine have been found to alter the radioactivity of lysine or DAP.
Methionine. The synthesis of methionine in E. coli has been studied with both C14 and S35. Table 2 demonstrates that C'4-aspartic acid is used in methionine synthesis. With C1402 as the tracer, the C-1 carbon of methionine contains 20 to 30 per cent the activity of the molecule, like the other members of this family. C'4-threonine does not give rise to methionine, whereas homoserine does, since it effectively suppresses uptake of C'4 into methionine whether the tracer is derived from C02, aspartic or glutamic acids, or glucose. Neither S'5 nor 2-C'4-methionine is metabolized so as to yield other amino acids of the proteins.
Cystine and homocystine have been found to serve as good sulfur sources for methionine. Homocystine suppresses C14 uptake into methionine from C402 and C'4-glucose, whereas cystine is ineffective. a-keto-#-OH butyric acid 100 100 100
a-keto-P-CH3 valeric acid 100 100 5
Threonine and isoleucine. Both threonine and isoleucine are derived from aspartic acid via homoserine. C14 from C'4-aspartic acid or C'4-threonine is found in both bacterial threonine and isoleucine, while C14-isoleucine labels bacterial isoleucine only. The synthetic pathway thus appears to be essentially "one way" in the direction of isoleucine synthesis. The data of table 3 support this idea and give additional information regarding possible steps in isoleucine synthesis. In these experiments, C'4-glucose was the tracer while the supplements added were non-radioactive. The aspartic acid isoleucine pathway already mentioned is clearly shown. In addition, a-amino butyric acid, a-ketobutyric acid, and the keto analog of isoleucine, a-keto fl-methyl valeric acid, are effective competitors in isoleucine synthesis. The results presented in the previous paper and this report describe the synthesis of the Krebs cycle group of amino acids in normal growing E. coli. They may be interpreted according to the scheme shown in figure 1 in which the flow of carbon from carbon dioxide, acetate, and pyruvate is traced through the tricarboxylic acid cycle and along the pathways of amino acid synthesis. The values given at each branch in the system are in ,u M/100 sec./g. dry weight of cells and are also a measure of the relative abundance of the products formed. The compounds in parentheses are intermediates which are not parts of the permanent protein or nucleoprotein of the bacteria. Pathways of amino acid synthesis in Escherichia coli.
Pathways in Other Organisms.-Using these methods many of the pathways described above for strain B E. coli have been found in the yeast, Torulopsis utilis and the mold, Neurospora crassa. Some of them, notably the formation of the aspartic and glutamic families, appear also in the photosynthesizing organism, Chlorella pyrenoidosa. In T. utilis, for example, proline and arginine are derived from glutamic acid and the sequence aspartic acid --threonine isoleucine has been observed. Significant differences among these organisms have also been noted. Where, in E. coli lysine is synthesized by mechanisms involving CO2 fixation and the utilization of aspartic acid, in T. utilis lysine synthesis does not involve CO2 fixation. In E. coli exogenous threonine is utilized for glycine and purine synthesis as well as in the formation of isoleucine. In T. utilis only isoleucine and threonine are found to derive C14 from the C'4-threonine provided. Methionine is also metabolized very differently in the two organisms. In E. coli it is utilized solely as a source of protein methionine while in the yeast its sulfur may be found in the cystine of the proteins and of glutathione, and also in the nucleic acids. Cystathionine, a known methionine precursor in Neurospora, while being ineffective in suppressing radiosulfur uptake in E. coli is a highly effective competitor in the mold and also in T. utilis. Thus, the competition method has proved also to be useful in studies of the comparative biochemistry of synthesis.
Summary.-In Escherichia coli aspartic and glutamic acids are formed by means of the Krebs cycle. Aspartic acid gives rise to a family of amino acids which include lysine, diaminopimelic acid, threonine isoleucine, and methionine. Homoserine is an intermediate in the formation of methionine, threonine, and isoleucine. a-Aminobutyric acid, a-ketobutyric acid and a-keto ,8-methyl valeric acids serve as precursors in isoleucine synthesis. Glutamic acid gives rise to another family of bacterial amino acids which include proline and arginine. Glutamic -y-semialdehyde is an intermediate for proline formation while N-acetylglutamic acid, N"-acetyl ornithine, ornithine, and citrulline are arginine precursors. By extensive use of the isotopic competition method, which takes advantage of the selective utilization of substrates by micro-organisms, it has been possible to account for the origins of over half the amino acid residues of the protein of E. coli.
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* When no position is assigned to C14, the compound under discussion is randomly labeled.
